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Abstract
The enzymes of oxidative phosphorylation are a striking example of the functional association of

multiple enzyme complexes, working together to form ATP from cellular reducing equivalents. These
complexes, such as cytochrome c oxidase or the ATP synthase, are typically investigated individually
and therefore, their functional interplay is not well understood. Here, we present methodology that
allows the co-reconstitution of purified terminal oxidases and ATP synthases in synthetic liposomes.
The enzymes are functionally coupled via proton translocation where upon addition of reducing
equivalents the oxidase creates and maintains a transmembrane electrochemical proton gradient
that energizes the synthesis of ATP by the F;F, ATP synthase. The method has been tested with the
ATP synthases from E. coli and spinach chloroplasts, and with the quinol and cytochrome ¢ oxidases
from E. coli and Rhodobacter sphaeroides, respectively. Unlike in experiments with the ATP synthase
reconstituted alone, the setup allows in vitro ATP synthesis under steady state conditions, with rates
up to 90 ATP x s™ x enzyme™. We have also used the novel system to study the phenomenon of “mild
uncoupling” as observed in mitochondria upon addition of low concentrations of ionophores (e.g.
FCCP, SF6847) and the recoupling effect of 6-ketocholestanol. While we could reproduce the
described effects, our data with the in vitro system does not support the idea of a direct interaction

between a mitochondrial protein and the uncoupling agents as proposed earlier.
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Introduction

Proton translocation across biological membranes plays a major role during energy conversion from
carbon sources to the universal energy carrier ATP. The highly exergonic hydrolysis of ATP to ADP
drives numerous reactions in living cells. According to Peter Mitchell’s chemiosmotic theory, reducing
equivalents that are accumulated as a result of cellular metabolism are converted into a
transmembrane electrochemical proton gradient, which is subsequently utilized by the F,F, ATP
synthase to generate ATP from ADP and inorganic phosphate. While the F,Fy ATP synthase is found in
almost all organisms and its basic mechanism is universally conserved, the enzymes generating the
transmembrane electrochemical gradient vary greatly between species. For example, the halophilic
archeon Halobacterium salinarium employs the light-driven proton pump bacteriorhodopsin while
phototrophic bacteria or plants use photosynthetic reaction centers to charge the membrane.
Mitochondria or aerobic bacteria employ a series of H*-pumping respiratory-chain complexes to
charge the membrane for ATP synthesis in a process termed oxidative phosphorylation (for review,
see [1-5]). One class of these respiratory complexes is the terminal oxidases, which catalyze the
reduction of oxygen to water by quinol or cytochrome ¢, and use part of the free energy released in
this reaction to pump protons across the membrane. Terminal oxidases are relatively well
characterized and understood in structural and functional detail, however, far less is known about

the molecular interplay between these enzymes and the ATP-synthase.

In an ideal system the membrane is impermeable to protons to ensure a tight coupling between
these two reactions, minimizing energy loss during the conversion process. It has been suggested,
however that a weak uncoupling activity in mitochondria could be desirable under resting state
conditions, where reducing equivalents are high (high NADH) and ATP consumption is low [6]. Under
these conditions, the mitochondrial membrane would hyperpolarize and free electron carriers and
oxygen could react together to form reactive oxygen species. Membrane hyperpolarization and
reactive oxygen species have been considered key factors in degenerative processes as aging and
apoptosis [7-10]. While a protein-mediated uncoupling mechanism (UCP 1) in brown adipose tissue is
well known to create heat during animal hibernation [11], the process might also have a more
general role in all tissues for the reasons mentioned above. Regulation by fatty acids and thyroid
hormones has been proposed, but the precise mechanism is unclear [8, 12-14]. In this matter,
classical uncoupling agents like FCCP and SF6847 at low concentrations have been shown to produce
a similar effect that generally is termed “mild uncoupling”. Under these conditions, the low dosages
of uncoupling agents are sufficient to stimulate respiration (through a proton leak) without the

complete abolishment of ATP synthesis activity.



To investigate the questions discussed above, either whole organelles (mitochondria, chloroplasts) or
inverted membrane vesicles from bacteria were employed to study coupled enzyme function. While
these systems have advantages (correct enzyme orientation, high density protein content), they
share the common drawback of not being fully characterized or controllable. For example, many
other enzymes are present in these membranes that are also sensitive to the electrochemical proton
gradient, the lipid composition of the membrane cannot be controlled and analysis of mutant
variants in more than one enzyme type is cumbersome. Very few examples of co-reconstituted
isolated respiratory enzymes and ATP synthases are known. A notable exception is the co-
reconstitution of an ATP synthase and the archaeal light-driven proton pump bacteriorhodopsin. The
experiment was pioneered by Racker and Stoeckenius in 1974 with bacteriorhodopsin and a fraction
of the mitochondrial membrane [15] and was crucial for the general acceptance of Mitchells
chemiosmotic theory. The system was revived in the mid 90-ies by Rigaud and colleagues with the
purified ATP synthase from a thermophilic bacillus PS3, performing extensive investigations on
reconstitution conditions and energy requirements for ATP synthesis [16, 17]. In all these
experiments, however, ATP synthesis rates were rather low, usually <5 ATP x stx enzyme'l, which is
far below those measured with whole organelles (e.g. >180 ATP x s x enzyme™ for the ATP synthase

of Escherichia coli) [18].

Here, we present the successful co-reconstitution of purified terminal oxidases from E. coli (bos) and
Rhodobacter sphaeroides (aas) with the purified ATP synthases from E. coli or spinach chloroplasts.
After addition of an electron source to initiate proton pumping by the oxidase, ATP synthesis was
observed at rates up to 90 ATP x s™ x enzyme™ and can be driven under steady-state conditions as
long electrons and O, are available. We describe the relevant parameters of the setup and utilize it to
investigate the impact of mitochondrial uncoupling agents on this minimal system mimicking

oxidative phosphorylation.
Materials and Methods

Chemicals

Bovine cytochrome ¢ and general chemicals were purchased from Sigma-Aldrich, if not otherwise
indicated. CCCP and FCCP were from Santa Cruz Biotechnology. SF6847, valinomycin, nigericin and 6-
ketocholestanol were purchased from Sigma-Aldrich. All inhibitors were dissolved in anhydrous
EtOH. The luciferin-luciferase assay (CLS Il) was purchased from Roche-Chemicals. Soybean lipids,
Type 1I-S and 95% PC content were purchased from Sigma-Aldrich and Avanti Polar Lipids,

respectively.



Purification of membrane proteins

The E. coli ATP synthase containing a His-tag at the B-subunit was purified as described [19].
Purification of ATP synthase from spinach chloroplasts was performed as described [20]. The E. coli
bos quinol oxidase was expressed with plasmid pETcyo, containing the sequence for oxidase subunit
I-1V, with a His-tag at the C-terminus of subunit Il, in strain BL21 (AcyoABCDE) in LB medium, and
induced with 0.5 mM IPTG, when the culture reached ODgy=0.5-0.6 [21]. The aa; oxidase from R.
sphaeroides was purified as described [22]. For all protein preparations, droplets of the purified
enzyme (~30 ul) were snap frozen in liquid nitrogen and stored at -80° C to avoid repeated freeze-

thaw cycles.

Liposome preparation

Soybean lipids (95% PC) (10 mg/ml) were extensively re-suspended under nitrogen atmosphere in a
buffer composed of 20 mM Hepes, pH 7.5, 2.5 mM MgCl,, 25 g/l sucrose (buffer A) by vortexing until
they appeared as a homogeneous suspension. Subsequently, the lipids were frozen in LN, and
thawed in water (30° C) and vortexed for 10 s. This procedure was repeated 5 times, yielding
unilamellar liposomes. The suspension was then extruded using a pore diameter of 200 nm to obtain
a homogeneous liposome preparation. As an alternative to the freeze/thaw procedure, subsequent

extrusion procedures with 800 nm and 200 nm membranes were performed, yielding similar results.

Co-reconstitution of ATP synthase and terminal oxidase

Typically, an amount of 480 pl liposome suspension (10 mg/ml) was mixed with 15 pl Na-cholate
(from a 20% stock solution, final ~0.6%) to destabilize the liposomes. Proteins were added at desired
concentrations from stock solutions and the mixture was incubated for 30 min at room temperature
with occasional gentle shaking. The mixture was then applied to a prepacked Sepharose G-25 column
(PD-10, GE Healthcare) equilibrated with 25 ml buffer A (see above). Subsequently, 2.4 ml buffer A
were added, before the liposomes were collected with a final addition of 1.3 ml buffer A. If not

otherwise stated, the obtained proteoliposomes were used directly.
Determination of phosphate concentration

Phosphate concentration measurements in liposome suspensions were performed as described [23].
A standard curve was prepared for every set of measurements using a standardized phosphate

solution (Sigma).
Determination of liposome size distribution

The size distribution of liposome samples before and after reconstitution was assayed by Tunable

Resistive Pulse Sensing (TRPS) with a gNano device (lzon Science, UK). Liposome samples were
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diluted into measurement buffer (20 mM Hepes, 50 mM KCI) and applied on top of a stretchable
pore (NP200) and traces with at least 1000 particles were recorded and averaged. Calibration was
performed with carboxylated polystyrene beads (200 nm). Data analysis was performed with the Izon

Control Suite (Izon Science).

Proton-uptake measurements with ACMA

Sixty ul of proteoliposomes were diluted into 1.5 ml of a buffer composed of 20 mM Hepes-KOH, pH
7.5, 5 mM MgCl,, 100 mM KCI (HMK buffer), mixed with 2 uM 9-Amino-6-Chloro-2-Methoxyacridine
(ACMA) and stirred in a 5 ml fluorescence cuvette until a stable baseline was obtained. Proton
pumping was initiated by the addition of 2 mM Na-ATP for the ATP synthase or 2 mM DTT/20 uM
ubiquinol Q; for the bo; oxidase. After the reaction had reached an equilibrium, the proton gradient
was dissipated upon addition of 10 mM NH,CIl. Changes in the fluorescence signals were monitored
on a Cary Eclipse, using 410 nm and 480 nm as excitation and emission wavelengths, respectively.

The slits were set at 5 nm.

ATP synthesis measurements

Typically, 20 ul of proteoliposomes were added to 470 ul of a buffer composed of 20 mM Tris-PQ,,
pH 7.5, 5 mM MgCl,, and supplemented with 0.8 mM ADP (2 ul from a 20 mM stock solution) and 15
il CLS 1l luciferase/luciferin solution (10 mg/ml of powder in ddH,0). If the proteoliposomes
contained bo; oxidase, 2 mM DTT (from 1M stock) was added before recording a baseline on a
Glomax luminometer (Promega). Time spans of 30 s with a data point every second were measured
between different additions. First, 20 uM ubiquinol Q; (1 pl from 10 mM stock solution in EtOH) was
added to initiate the reaction and ATP synthesis was followed. Three times 30 s were measured and
the average slope of these three measurements was used as the rate. Further additions like inhibitor
or ionophores were always added after the native measurement to minimize variation due to

pipetting errors.

Standard curves were recorded for every measurement session by addition of discrete amounts of a
10 uM ATP stock solution to a proteoliposome preparation as described above before the addition of

the electron/mediator couple.

Steady-state activity of cytochrome c oxidase

Steady-state activity was monitored by recording oxygen consumption using a Clark-type electrode
(Hansatech Oxytherm) at room temperature. The starting solution contained 20 mM Hepes-KOH (pH
7.5), 0.05% DDM, 4 mM ascorbate, 0.5 mM N,N,N’ ,N’' -tetramethyl-p-phenylenediamine (TMPD),
and 20 uM bovine cytochrome c. The signal was allowed to stabilize before the reaction was started

by the addition of 5 nM aa; cytochrome c oxidase.



Results

Co-reconstitution of ATP synthase and bo3 oxidase from E. coli into soybean liposomes

The method used for co-reconstitution was originally described by Rigaud and colleagues, and it was
later adapted by Ishmukametov et al. for the ATP synthase from E. coli [24, 25]. It assumes formation
of a ternary complex of liposomes, detergent molecules and the solubilized protein. Upon removal of
the detergent, the membrane protein(s) integrate into the liposomal membrane. We have simplified
this procedure for different ATP synthases by using disposable desalting columns, yielding uniformly
oriented proteoliposomes, with the large F, part being on the outside of the liposomes [19, 26]. The
reconstitution efficiency for the ATP synthase and the bo; oxidase was in our hands ~50%, when
proteoliposomes were first clarified from aggregates by low spin centrifugation and then collected by
ultracentrifugation [27]. We have also used the same procedure to incorporate cytochrome c
oxidases from Rhodobacter sphaeroides (aas) and Thermus thermophilus (bas) with an orientation of
60% to 80% of the oxidases with the cytochrome c binding site facing the outside of the liposomes

[28].

Since both ATP synthase and bos oxidase can be reconstituted using this method, we used the same
approach to co-reconstitute them together into the same liposomal membrane (Figure 1a). Purified
bos oxidase and ATP synthase (both from E. coli) were mixed and incorporated into liposomes at a
1:1 ratio aiming for ~10 enzymes (assuming 100 % reconstitution efficiency) of each type per
liposome (Figure 1a). In order to estimate the liposome concentration, we have determined the
phosphate concentration in samples before and after reconstitution (Supplementary table 1). From
there, the number of lipids per liposome was calculated assuming a globular shape of the liposomes,
a bilayer thickness of 5 nm and lipid area size of 0.7 nm? [29]. The size of the liposomes before and
after reconstitution was determined by tunable resistive pulse sensing and yielded liposomes close to
the expected 200 nm that were used during liposome extrusion. The average size of the liposomes
did not change during reconstitution, but liposomes containing proteins showed a broader

distribution (Supplementary Figure 1 and Supplementary Table 1).

First, we verified the functional incorporation of both enzymes individually by testing their capability
to induce transmembrane proton pumping. For the ATP synthase, this is typically done by measuring
the acidification of the liposome inner volume upon addition of ATP (the F, headpiece is on the
outside [26], i.e. protons are pumped into the vesicles upon addition of ATP), monitored using the
pH-sensitive dye ACMA (Figure 1b, red trace). Analogously, we measured the bos; pumping activity
after addition of the artificial electron donor DTT and water-soluble mediator ubiquinone Q; (black

trace). When both enzymes were energized simultaneously (green trace), an increased pumping
7



activity was observed, supporting co-reconstitution of the two different enzymes in the same

membrane.

The proteoliposomes also reduced oxygen as measured using a Clark electrode. However, no
significant respiratory-control ratio (RCR) was obtained upon addition of the K ionophore

valinomycin and the protonophore CCCP (data not shown).
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Figure 1: Respiratory-driven ATP synthesis employing bos oxidase and ATP synthase, both from E. coli.

(a) Cartoon showing proteoliposomes containing co-reconstituted ATP synthase and bos; oxidase. The electron
donor (DTT) and electron mediator (ubiquinol Q;) are also indicated. Shown is the proton flux during ATP
synthesis with correctly oriented enzymes (b) ACMA fluorescence quenching experiments to monitor ATP
synthase and bo; oxidase proton pumping activity. In a 5 ml cuvette, 1.5 ml ACMA buffer (20 mM Hepes, pH
7.5, 5 mM MgCl,), 60 pul proteoliposomes (containing bo; oxidase and ATP synthase) and 2 uM 9-Amino-6-
Chloro-2-Methoxyacridine (ACMA) were mixed by stirring until a stable baseline was obtained. Proton pumping
by the ATP synthase (red trace) or the bo; oxidase (black trace) was initiated by the addition (left arrow) of 2
mM ATP or 4 mM DTT/20 uM ubiquinol Qg, respectively. Simultaneous proton pumping of the two enzymes is
also shown (green trace). Addition of 10 mM NH,CI (right arrow) from a 1M stock solution dissipated the
proton gradient. (c) Continuous respiratory-driven ATP synthesis was followed by measuring the luminescence
using the luciferin/luciferase system detecting newly synthesized ATP. Indicated is the start of proton pumping
upon addition of 20 uM Q; (left arrow) and inhibition of the oxidase upon addition of 0.5 mM potassium
cyanide (right arrow). (d) Respiratory-driven ATP synthesis using the described protocol (control) was
compared to preparations where either an inactive mutant variant of the ATP synthase (ATPase-D61N) was
used or where the two enzymes were separately reconstituted into different vesicle preparations, which were
then mixed prior to measurement (single reconstitution). Shown are also the effects of addition of detergents
(B-octyl glucoside (OG) and Triton X-100 below and above the CMC, respectively) and a quinol oxidase inhibitor
(HQNO). Experiments have been performed twice with two different enzyme preparations and the results from
one experiment are shown.



Respiratory-driven ATP synthesis

Because ATP synthase almost exclusively orients in an inside-out orientation with the F, headpiece
towards the outside [26], the respiratory oxidase has to pump protons to the inside of the liposomes
(creating an inside positive and acidic electrochemical potential) for ATP. synthesis to occur (see
Figure 1a). As seen in Figure 1B, a net proton influx can be observed upon addition of DTT/Q;,
indicating the presence of proteoliposomes with a majority of correctly oriented bo; oxidases that

will energize ATP synthesis and create a luciferase signal.

In situ ATP synthesis was continuously followed using an ATP-sensitive luciferase/luciferin assay. The
proteoliposomes were mixed with buffer containing Mg**, ADP, DTT, phosphate, luciferase/luciferin
and a luminescence baseline was recorded, before the electron mediator ubiquinol Q; was added to
initiate proton pumping. As seen in Figure 1c, a linear increase in the luminescence signal was
observed, indicating the continuous synthesis of ATP. Such a continuous production of ATP with a
constant rate over several minutes is not observed in experiments in which the ATP synthase alone is
reconstituted in vesicles because the proton-motive force (created by changing the pH on the
outside of vesicles) is rapidly depleted, which leads to a decay of the synthesis rate after a few
seconds [30, 31]. In our experiment with co-reconstituted bo; oxidase however, a steady ATP
production was observed as long as reductant and oxygen were present. ATP synthesis was

completely abolished upon addition of the bo; oxidase inhibitor potassium cyanide (Figure 1c).

The lipids used in these initial experiments were soybean asolectin lipids (Type II-S, ~14-20% PC
content) that are widely used in reconstitution experiments. However, we found 4 times higher ATP
synthesis rates when lipids with a higher PC content (95%) were used (Supplementary Table 1). The
remainder of the experiments were thus performed with the 95% PC lipid source. A detailed
influence of the lipid composition on respiratory-driven ATP synthesis will be described elsewhere.
Care was taken that enough luciferin/luciferase was present during the measurement to ensure a

linear relationship between luminescence signal and ATP concentration (Supplementary Figure 2).

Control experiments and titration of important parameters

The optimal amount of cholate used in the reconstitution procedure was found to be around 0.6%
when the lipid concentration was 10 mg/ml (Supplementary Figure 3). Slightly lower (0.4%) and
higher (1%) cholate concentrations were found to be optimal with lipid concentrations of 5 mg/ml

and 20 mg/ml, respectively (data not shown).

Next, we tested the behavior of the co-reconstituted proteoliposomes in a variety of experimental
conditions (Figure 1d). As expected, no ATP synthesis was detected when the enzymes were

reconstituted separately into different liposomes, which were then mixed or when an inactive
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mutant of the ATP synthase was used (D61N in subunit c lacks the proton binding site on the c-ring).
Inhibition of the terminal oxidases (bos; and aa;) was achieved by addition of potassium cyanide,
which also inhibited ATP synthesis. Addition of HQNO, an inhibitor of the quinol oxidase, decreased
ATP synthesis to 15% of that measured before HQNO addition, comparable to the reduction found in
oxygen consumption measurements with the bo, oxidase (¥20%, data not shown). Addition of B-
octylglucoside below its critical micellar concentrations (CMC) led to a strongly decreased ATP
synthesis rate, while addition of Triton X-100 above its CMC completely abolished synthesis. These
results show that respiratory driven ATP synthase is only possible in proteoliposomes with an intact

membrane containing both enzymes.

We also titrated the various components (inorganic phosphate, DTT, ubiquinol Q; and ADP) required
for ATP synthesis. One component was varied at the time, while the others were present at excess
concentrations (Figure 2a-d). The apparent K, values were for DTT ~116 uM, ADP ~4 uM, phosphate
~1.2 mM and Q; ~5 uM. The values found for ADP and phosphate were in the same order as those
reported previously for the isolated ATP synthase in liposomes (~27 uM and ~0.9 mM , respectively)
[30], but somewhat different from those found for the bacteriorhodopsin/ATP synthase system (ADP
~300 uM, 10 mM ~phosphate) [32]. However, in the latter case, ATP synthase from the thermophilic
bacterium PS3 was used and measurements were performed at 40°C, which could account for the

different apparent affinities.
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Figure 2: Titrations of different components required for respiratory ATP synthesis.

(a) DTT was added to a proteoliposome suspension containing 20 mM phosphate, 20 uM ubiquinol Q; and 80
UM ADP and the averaged ATP-synthesis rate after 90 s was determined. (b) Same as in (a), but ADP at
different concentrations was added to a proteoliposome suspension containing 20 mM phosphate, 20 uM
ubiquinol Q; and 4 mM DTT. (c) Same as in (a), but phosphate at different concentrations (from a pH-adjusted
Na-phosphate stock) was added to a proteoliposome suspension containing 4 mM DTT, 80 uM ADP and 20 uM
ubiquinol Q. (d) Same as in (a), but ubiquinol Q; at different concentrations was added to a proteoliposome
suspension containing 20 mM phosphate, 4 mM DTT and 80 uM ADP. Shown are the data together with a fit for
a single binding site. The apparent K., values are given. The K, values were averaged from two (DTT,
phosphate, ADP) or three (ubiquinol Q;) measurements with different liposome preparations. Error barsin a, b
and c are omitted, because only two measurements with very similar results were performed.
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Effect of uncouplers and ionophores on respiratory-driven ATP synthesis

Small molecules like NH,Cl, Nigericin, CCCP, FCCP and SF6847, the three latter also known as
mitochondrial uncoupling agents, are known to dissipate the proton gradient across a membrane.
Addition of these molecules was shown to impair ATP synthesis in earlier in vitro measurements [30,
31], in which a valinomycin/potassium diffusion gradient was used to create a transient membrane
potential. We took advantage of our system with a continuously maintained driving force and tested
the effects of commonly used uncoupling reagents and the ionophore valinomycin. First, we tested
the effect of NH,Cl that dissipates the chemical proton gradient, while the electrical gradient is
unaffected. Formation of a pH gradient and ATP synthesis in the presence or absence of NH,Cl was
followed by ACMA fluorescence and luciferase measurements, respectively (Figure 3a). While no
ACMA-quenching signal was detected upon initiation of proton pumping in the presence of NH,CI
(Figure 3, red trace), the ATP synthesis rate under the same conditions was only marginally affected
(Figure 3a, inset). In other words, the ACMA data show that while no chemical proton gradient was

formed, synthesis of ATP was still possible with the remaining driving forces present (see discussion).

Next, the influence of the K*ionophore valinomycin on the respiratory-driven ATP synthesis was
tested (with 50 mM KCl on both sides of the liposomes). In the presence of potassium, valinomycin
dissipates the electrical potential by selective transport of charged K* species, while the chemical
proton gradient is not affected. No substantial loss in ATP synthesis was observed up to a final
concentrations of 2 uM valinomycin (Figure 3b). When used together with the electroneutral proton-
potassium antiporter nigericin, much smaller amounts of valinomycin (200 nM) and nigericin (500
nM) were sufficient to completely inhibit ATP synthesis. Nigericin alone had only a negligible
influence on ATP synthesis at the tested concentrations (up to 500 nM). The combination of
valinomycin and NH,CI did also completely abolish ATP synthesis (data not shown). Taken together,
this data indicates that ATP synthesis is only abolished when both components of the driving force

are dissipated at the same time.

The influence of the widely used protonophore and mitochondrial uncoupling agent FCCP was also
investigated. ATP synthesis decreased with increasing FCCP concentrations, with a remaining activity
of about 45 + 20 % at 100 nM final FCCP concentration. Addition of 500 nM valinomycin further
suppressed ATP synthesis to 10% (Figure 3b). The uncoupling mechanism of FCCP is more complex, it
affects both the proton gradient and the membrane potential simultaneously [33]. After neutral
FCCP has released the proton, the negative charge is distributed in a conjugated aromatic ring system
allowing the anionic form of FCCP to freely diffuse in the membrane. In other words, FCCP combines
the effects of nigericin or NH,Cl with that of valinomycin and therefore typically acts at lower

concentrations.
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It has been found that the effect of FCCP and other uncoupling agents at mild uncoupling conditions
in mitochondria (see Introduction) could be reversed by the addition of 6-ketocholestanol (kChe) [34,
35]. It was speculated that at low concentrations, the uncoupling agents bind to cytochrome ¢
oxidase (or another mitochondrial protein) and that this binding would be impeded in the presence
of 6-ketocholestanol that accumulates in the outer leaflet of the membrane [34]. All these
measurements have been performed by following either oxygen consumption or the presence of a
membrane potential, but the effect of 6-ketocholestanol on ATP synthesis has not been directly
tested. We therefore investigated the influence of 6-ketocholestanol with our co-reconstituted
system containing a bo; oxidase and ATP synthase. As seen in Figure 3c, in the presence of 50 nM
FCCP, ATP synthesis dropped to ~50%, but was recovered to 80% after addition of 25 uM 6-
ketocholestanole. The recovery was also observed with low concentrations of CCCP and SF6847. In
the latter case, recovery to almost 100% was most impressive, exactly reproducing the data from
mitochondrial experiments [35]. Addition of the same amount of cholesterol did not show any
recovering effect (data not shown). ATP synthesis activity was also partly recovered by 6-
ketocholestanole in the presence of both SF6847 and valinomycin, indicating that it slows the overall

uncoupling process (Figure 3c, last column).
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Figure 3: Effect of uncouplers, ionophores and 6-ketocholestanole on respiratory-driven ATP synthesis.

(@) In a 5 ml cuvette, 1.5 ml ACMA buffer (20 mM Hepes, pH 7.5, 5 mM MgCl,), 60 pl proteoliposomes
(containing bo; oxidase and ATP synthase), 2 uM ACMA and 4 mM DTT were mixed by continuous stirring,
before 20 uM ubiquinol Q; was added, either in the absence (black trace) or presence (red trace) of 10 mM
NH,4CI. Respiratory driven ATP synthesis with the same proteoliposomes in the same buffers is shown as an
inset. (b) Effect of various uncouplers on respiratory-driven ATP synthesis using proteoliposomes containing
bos oxidase and ATP synthase. First, the rate over 60 s was measured. Then, the rate was measured again over
60 s after addition of the indicated compound. The effects are presented as the relative ratio of the two rates.
Shown are averaged values obtained with two proteoliposome preparations measured in duplicates. (c) Effect
of 6-ketocholestanol on the ATP-synthesis activity in the presence of low concentrations of uncoupling agents.
First, the rates before and after the addition of the uncoupler were determined. Then, 25 uM 6-
ketocholestenol was added and the rate was again measured. The effects are represented as the ratio of the
uncoupled/recoupled rate and the rate before addition of any compound rates. Shown are the results from a
typical set of measurements. The experiment was performed with three sets of proteoliposomes with similar
results.
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Reconstitution of respiratory enzymes from other organisms than E. coli

The protocol described above was also tested for co-reconstitution of respiratory enzymes from
other organisms than E. coli. The ATP synthase from spinach chloroplasts was purified according to
the protocols developed by Turina et al. [20] and used together with the bos oxidase from E. coli. ATP
synthase prepared using this method is less pure and an accurate estimate of the concentration (by a
BCA protein concentration assay) is difficult. The ATP synthesis rate with the chloroplast ATP-
synthase was about 70% of that obtained with the E.coli ATP-synthase, which is well within the

accuracy of the protein concentration determination (data not shown).

While quinol-type oxidases such as the bo; from E. coli are only found in bacteria, the prevailing type
of terminal oxidases in respiring organisms, characterized to date, is the A-type cytochrome c oxidase
found in many bacteria and mitochondria [36, 37]. In this class of enzymes, electrons are donated to
the oxidase by cytochrome ¢, which in the living cell receives electrons from the bc; complex.
Cytochrome c is found in the bacterial periplasm or the inter-membrane space of mitochondria, i.e.
on the opposite side of the membrane to that where ATP synthesis occurs. Therefore, in our
liposome experiments, in the fraction of oxidases that are oriented such that they could pump
protons to the inside, the cytochrome c¢ binding site is located on the inside of the liposomes. As we
have to add the electron source to the outside of the liposomes, an electron donor/meditator couple
was used that is capable to transport the electrons across the membrane (Figure 4a). Out of the
many combinations of reductant/mediator tested, ascorbate (2 mM) and phenazine methosulfate
(PMS, 10 uM) was found to be the most effective couple. In these experiments, we also included
soluble cytochrome ¢ at various concentrations (to ensure efficient electron transport to the
cytochrome c¢ oxidase) in our reconstitution mixture prior to detergent removal. As the non-
incorporated cytochrome ¢ (12 kDa) co-elutes with the liposomes during gel filtration (PD-10 has a
cutoff of ~5 kDa), the suspension was passed through a weak cation exchange resin (pl of

cytochrome cis about 9.5) to which external cytochrome ¢ was adsorbed.

In the presence of increasing cytochrome c¢ concentrations, increasing ATP synthesis rates were
observed with an apparent K, of ~11 uM, based on the cytochrome c concentration in the
reconstitution mixture (Figure 4b). In the absence of cyt ¢, the rates were ~20%, caused by direct
reduction of cytochrome c oxidase by PMS. The maximal measured ATP synthase rates were in the
same range as those found with the bo; oxidase when similar amounts of enzyme were employed in
reconstitution, indicating that the two oxidases are similarly efficient in producing and maintaining a
transmembrane electrochemical proton gradient. We also performed experiments with a selection of
ionophores, analogously to the system with the bo; oxidase as described above (Figure 4c).

Qualitatively, we observed the same effects, but inhibition by FCCP was observed at already lower
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concentrations (ICso~15 nM (aas) vs ~75 nM (bos) (Supplementary Figure 4). Using different amounts
of PMS, we found that the apparent ICsy of FCCP is dependent on the concentration of PMS,
explaining the reduced 1G5, values found (data not shown). We speculate that in addition to its
electron mediating function, PMS does also dissipate the membrane potential when the positively
charged (oxidized) form is transported across the membrane along the electrical gradient, thus
imitating the effect of valinomycin (see discussion). Analogously to the experiment with bo; oxidase,
uncoupling by SF6748 was almost fully recovered by addition of 6-ketocholestanol, suggesting that

this process is independent of the enzyme used (Figure 4c).

We also measured respiratory-driven ATP synthesis with a structural variant of cytochrome c oxidase,
which has been shown earlier to be highly active in oxygen turnover (~150 % of that with the wild
type cytochrome ¢ oxidase), but is unable to pump protons across the membrane (the replacement
N139D was introduced in subunit | [38]). A similar ATP synthesis rate to that observed with the wild
type enzyme was found when similar amounts of oxidase were used in reconstitution (Figure 4d). No
activity was found with the D132A variant in which the turnover rate is <5 % of that in the wild-type

oxidase [39].
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Figure 4: Respiratory driven ATP synthesis employing the aa; oxidase from R. sphaeroides as proton pump.

(a) Cartoon showing proteoliposomes containing co-reconstituted ATP synthase and cytochrome ¢ oxidase
from R. sphaeroides, and incorporated cytochrome c. The electron donor ascorbate and electron mediator PMS
are also indicated. Shown is the proton flux during ATP synthesis with correctly oriented enzymes. (b)
Dependence of respiratory-driven ATP synthesis on the internal cytochrome ¢ concentration, when 2 mM
ascorbate and 10 uM PMS were used as electron source and mediator, respectively. The indicated cyt ¢
concentrations are those present in the reconstitution mixture prior to detergent removal. Shown is the result
from a single experiment. The experiment was repeated two more times with fewer cyt ¢ concentrations and
similar results were obtained. An apparent K., (average from three independent measurements) is given. (c)
Inhibitor data as described in the text. See legend to Figure 3d for experimental details. Bars with a striped
filling indicate the addition of 6-ketocholestenol. Shown are the results from a typical set of experiments. The
measurements were performed with three different liposome preparations vyielding similar results. (d)
Comparison of oxygen turnover and respiratory-driven ATP synthesis for wild type and two structural variants
of cytochrome ¢ oxidase. Oxygen turnover (black bars) and respiratory-driven ATP synthesis (grey bars) were
measured as described in the Materials and Methods section. The rates for the wild type enzyme were set to
100 %. Shown are averaged values of two proteoliposome preparation measured in duplicate.
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Discussion

General remarks

We present a facile and reproducible methodology for co-reconstitution of purified respiratory
oxidases and ATP synthases from different organisms into preformed liposomes with a defined lipid
composition and size. In the proteoliposomes, the oxidase builds up and maintains a transmembrane
electrochemical gradient that is used by the F;Fy ATP synthase to produce ATP, imitating the final
steps of oxidative phosphorylation in mitochondria and many bacteria. The proteoliposomes exhibit
continuous production of ATP on the outside of the liposomes, when supplied with ADP, phosphate,
oxygen and a suitable electron donor/mediator couple to support proton pumping. In this regard, the
proteoliposomes behave like submitochondrial particles or inverted bacterial membrane vesicles.
However, in contrast to native membranes the protocol allows the variation of parameters such as
the lipid composition, the protein-to-lipid ratio, liposome size, etc. In addition, structural variants of
both enzymes can be investigated. Another advantage of the described system is the possibility to
easily check for the effect of added compounds and the rather high time resolution of the
measurements. In contrast to co-reconstituted bacteriorhodopsin/ATP synthase experiments, in
which the sample is typically illuminated for tens of minutes, and synthesized ATP is measured

discontinuously, we can immediately see the effect after the addition of a new compound.

Protein orientation and protein-to-liposome ratio

A general complication associated with membrane protein reconstitution is that the enzyme
orientation after incorporation cannot be strictly controlled. While some proteins show only a slight
or no preference for one orientation, others seem to insert essentially unidirectionally [26, 28, 40,
41]. To our knowledge, no general strategy is known to solve this problem. In functional studies, this
drawback can be circumvented in cases where a membrane-impermeable substrate is added,
activating only the fraction of proteins with the substrate binding site oriented towards the outside
(e.g. ATP with ATP synthase, cytochrome ¢ with cytochrome c oxidase). In the case of a membrane-
permeable substrate (e.g. ubiquinol for quinol oxidase), both populations are activated, and are

expected to "compete" with each other.

The cholate/gel filtration method described in this manuscript has been shown to yield a
unidirectional integration (> 95%) of the F;F, ATP synthase into liposomes, with the large soluble F;
part facing towards the outside [26]. The orientation of the ATP synthase is thus inverted compared
to the situation found in bacteria or mitochondria, where the F, headpiece is oriented towards the
lumen (cytoplasm, mitochondrial matrix), but similar to that found in chloroplasts (facing the

stroma). Consequently, in order to drive ATP synthesis in our system, protons have to be pumped to
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the inside of the liposomes to create an electrochemical gradient that is positive and acidic on the
inside. In the original work of Racker [15], bacterial ATP synthase was co-reconstituted with
bacteriorhodopsin, and a bigger part of bacteriorhodopsin was inserted inside-out, i.e. it would
acidify the inner lumen of liposomes upon illumination. Cytochrome c oxidases, however, tend to
insert right way out (60-80%, [28]) with the soluble domain of subunit Il (carrying the cytochrome ¢
binding site) facing the outside of the liposomes. Proteins with this orientation, however, pump
protons to the outside of the liposomes and are thus not suited for our purposes. Instead, the
desired enzyme orientation (inside out) requires the presence of soluble cytochrome c and electrons

on the inside of the liposome, requiring a membrane permeable electron mediator.

Using a different protocol, reconstitution of cytochrome bo3 oxidase has been reported to insert
preferably right way out, which is not surprising because of its similar molecular shape and subunit
organization as cytochrome c oxidases [42]. As quinol oxidases take up electrons through the
membrane via the water/membrane soluble ubiquinol Q;, both populations are expected to pump
protons after addition of an electron source. So far, we have not been able to determine the bo;
oxidase orientation in our proteoliposomes. However, our results from ACMA quenching
experiments (Figure 1b) indicate that at least a fraction of liposomes shows a net proton influx, thus
containing a majority of inside out oriented bo; oxidases. If the majority of enzymes are oriented
right side out, increasing amounts of oxidase molecules per liposomes should decrease the relative
number of liposomes with a “net proton influx”. However, we observed that increasing bos;
concentrations (up to 30 enzymes per liposomes) further increased ATP production, not showing the
expected effect of an inverted electrochemical potential (Supplementary Figure 5). This data implies
one (or more) of the following explanations. First, our reconstitution method yields majorly inside
out bo; oxidase orientation. Second, differential binding kinetics of ubiquinone Q; to the quinone site
of the two enzyme populations could produce a kinetic asymmetry in enzyme turnover and thus
proton transport. Third, localized proton transfer along the membrane surface [43-47] could lead to a
rapid lateral distribution of pumped protons along the inner surface of the liposome (leading to
significant local acidification and thus pH gradient). Clearly, more experiments are required to

understand this process in more detail.

Electron supply for the terminal oxidases

When the bo; oxidase from E. coli was utilized, electrons were supplied by DTT and mediated by
ubiquinol Q; from the aqueous solution to the membrane embedded quinol binding site of bos
oxidase. In addition, we also obtained ATP synthesis using NADH and human DT-Diaphorase that is

able to reduce short-chained quinones (like Q;) in aqueous solutions [48].
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Electron supply to the inside of the liposomes, as it is necessary for the aas cytochrome c oxidase, is
more difficult to accomplish. As outlined in the Results section, we tried several combinations of
electron donor and mediator couples and found ascorbate (2 mM) and PMS (10 puM with 15 pM
cytochrome c) to be the most suitable electron donor-mediator couple. PMS in its oxidized form is a
positively charged membrane-permeable molecule which is able to keep its hydrophobicity in the
charged state by charge delocalization through the conjugated aromatic ring system. In our
experiments, we therefore envision the following scenario: The membrane impermeable ascorbate
reduces PMS on the outside to its semi-reduced or reduced form (neutral), which freely passes the
membrane to deliver electrons to cytochrome c on the inside of the vesicles [49]. The passage of
reduced PMS across the membrane is thus electroneutral (otherwise it would not occur in the first
place) and will not impose a counteracting membrane potential. After delivery of its electron to
cytochrome ¢ and release of a proton, the oxidized PMS (positively charged) leaves the liposome
driven by the membrane potential (created by the cytochrome c oxidase) to receive another electron
from ascorbate and pick up a proton. PMS transport out of the liposomes is (probably) electrogenic
and decreases the total proton driving force slightly. Furthermore, in the presence of excess of
ascorbate, PMS in micromolar concentrations is also capable of directly reducing oxygen, competing
with cytochrome ¢ oxidase and luciferase for oxygen. Consequently, measurement times with aas
oxidase in the presence of 10 uM PMS were considerably shorter (2 minutes) than with bos; oxidase.
Using lower amounts of PMS, e.g. 2 uM, extends measuring time to >5min, but also decreased the
ATP synthesis rate by a factor of ~2. Furthermore, PMS seems to have an effect as an uncoupler of
the membrane potential and thus decreased the apparent ICs, of ionophores (Supplementary Figure
4). For these reasons, we generally preferred the bos;/ATP synthase over the aas/ATP synthase

system in our studies.

Estimation of ATP synthase turnover rate

The reported turnover rates of ATP synthases from purified components differ significantly between
organisms (and laboratories), as measurements were done under different conditions and a direct
comparison is not straightforward. The highest rates (up to 300 ATP x s'x enzyme™) have been
measured with the chloroplast enzyme, while the E. coli ATP synthase was >4 times slower under the
same very high energizing conditions (ApH+Ay > 360 mV) [50]. In inverted membrane vesicles of E.
coli (a system that is probably most related to our system), rates of ~30 ATP x sx enzyme™ were
measured at 25°C when the membranes were energized with NADH via respiratory complex I. The
turnover rate was increased to ~250 ATP x s'x enzyme™, when 95% of the ATP synthases were
inhibited and the temperature was increased to 37°C. In proteoliposomes with the purified enzyme
from E. coli, rates up to 75 ATP x s™ x enzyme™ have been reported, when a very large driving force

was applied (pH gradient >4 pH units and a Ay of ~120 mV, total driving force of >360 mV) [50]. A
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disadvantage of this type of measurements is the requirement of a potassium/valinomycin diffusion
potential that exhausts very quickly, i.e. the measuring time is limited to a few seconds and the

turnover numbers are calculated from initial rates.

We also estimated the ATP synthase turnover rate in our co-reconstituted system. Assuming a
reconstitution efficiency of 50% [27], liposomes containing 10 bo; oxidases and 3 ATP synthases were
used. With this preparation, we observed turnover rates of up to 90 ATP x s x enzyme™ at 25°C,
which is similar to those reported for the in vitro systems discussed above (a typical calculation is
exemplified in the supplementary data). A reliable calculation depends on many factors (enzyme
purity and integrity, reconstitution efficiency) and we are thus careful to not over interpret these
calculations. A further critical factor is the fraction of active liposomes (see discussion of bo; oxidase
orientation above), as any ATP synthase in an inactive liposome will not contribute to ATP synthesis.
Nonetheless, our estimated rates are significantly higher than those measured using
bacteriorhodopsin as a proton pump (c.f. ~6 ATP x s"'x enzyme™) [17], suggesting that the bo; oxidase
creates a larger electrochemical gradient than bacteriorhodopsin. For the ATP synthase from spinach
chloroplasts, we obtained rates of 50 - 80 ATP x s'x enzyme™, assuming an 80% purity of the
preparation. While these rates are lower than those measured with the isolated enzyme with a very
high driving force [50], it is markedly faster than the comparable experiment with bacteriorhodopsin

(~9 ATP x s x enzyme™) [51], supporting our findings with the bos oxidase.

Equivalence of driving forces

ATP synthesis by the ATP synthase is energized by the proton motive force consisting of a chemical
proton gradient and the membrane potential. Additionally, for the E. coli enzyme it has been
reported that the pH at p-side (proton entry side) has to be below pH 6.5 to allow efficient ATP
synthesis, while almost no ATP synthesis was observed above pH 7 under otherwise identical driving
forces [31]. While both components are thermodynamically identical, the kinetic equivalence in ATP
synthesis is debated and has not been observed in all organisms [26, 31, 50, 52]. The use of
ionophores in our minimal system to specifically abolish either of the two components offers thus a
valuable tool to investigate the functional characteristics of the ATP synthase. The individual effect of
these ionophores could not be investigated in earlier in vitro experiments, as the potassium-specific
ionophore valinomycin is required to establish the electrical component of the proton-motive force.
It is noteworthy that in our experiments, addition of NH,CI (in the absence of valinomycin) prevented
the buildup of a transmembrane proton gradient, as confirmed by ACMA quenching, but it did barely
affect the ATP synthesis rate (see Figure 3a). A possible explanation is that the lacking chemical
gradient was compensated by a larger membrane potential. However, in the presence of NH,CI, the

p-side pH would be identical to the pH (7.5) of the measuring buffer, which is well above the minimal
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requirements found for the ATP synthase [31]. It has thus been proposed that upon proton pumping,
local acidification at the membrane surface could provide the required low pH at the p-side of the
enzyme [31]. Interestingly, this low pH requirement is absent in proton-translocating experiments
with only the Fy part of the E. coli ATP synthase, where A and ApH were equivalent driving forces
[26]. On the other hand, no in vitro measurements with the E. coli enzyme have been reported,
where ATP synthesis is solely driven by a Al. Recently, however, ATP synthesis exclusively driven
with a A has been demonstrated for the ATP synthase from Bacillus PS3 lacking part of subunit € (in
presence of the intact € subunit, ATP synthesis is 20-times lower) [52]. More experiments are

required to understand the fundamental nature of driving ATP synthesis.

Mild uncoupling and recoupling of respiratory phosphorylation

After addition of the proton ionophore FCCP at concentrations <200 nM, notable synthesis of ATP
was still observed. FCCP is well known as a strong uncoupling agent of respiratory phosphorylation in
mitochondria, but low dosages of FCCP (<100 nM) have been shown to primarily affect the
respiratory-control ratio, but not ATP synthesis, a phenomenon termed “mild uncoupling” [53, 54].
We were able to reproduce this behavior using our experimental system with similar FCCP
concentrations. Accordingly, we did also observe the recoupling effect of 6-ketocholestanol [34, 35,
53]. As in mitochondria, recoupling at fully uncoupling concentrations of FCCP was not observed. The
original data were interpreted to indicate that “mild uncoupling” could involve a specific protein
binding site for compounds similar to FCCP and SF6748 in the inner mitochondrial membrane [54],
and results from experiments with proteoliposomes containing purified mitochondrial cytochrome ¢
oxidase suggested that this protein was the main target [54]. Our data, however, indicate that the
phenomenon is more likely an effect of the intrinsic properties of the membrane. Firstly, only
bacterial proteins were utilized in our experiments, excluding the possibility of a specific
mitochondrial property. Secondly, proteoliposomes containing either aa; oxidase or bo; oxidase as
primary proton pump show a similar effect of uncoupling and recoupling, making a specific
cytochrome c¢ oxidase effect unlikely. The originally proposed underlying mechanism for the
recoupling effect is that 6-ketocholestanol mainly inserts in the outer leaflet of the membrane thus
creating an asymmetry and a membrane dipole potential. The asymmetric insertion (and slowed
leaflet flipping) is favored by the additional keto group that increases the polarity and thus the
amphiphilic character of the cholesterol derivative. This asymmetric insertion was suggested to
hinder binding of FCCP and other uncoupling agents to their protein target. Our data suggest that a
protein is not likely involved in this process. Instead, such a dipole potential could interfere with the

electrogenic diffusion of the anionic form of the uncoupler. Such interference could slow the
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“recycling” of the catalytically active uncoupler to the acidic side of the membrane, thereby slowing

the overall uncoupling process.

No change in the ATP-synthesis rate was observed upon addition of the potassium-specific ionophore
valinomycin at concentrations that are well above the ones required to build up or dissipate a
membrane potential (20-200 nM) in the presence of potassium [26]. As valinomycin dissipates the
electrical potential, the oxidase turnover activity is expected to increase, thereby increasing the
proton concentration gradient. In other words, in the presence of valinomycin the membrane
electrical potential is converted into a proton concentration gradient. In contrast to Ay, ApH alone
has been shown to successfully drive ATP synthesis with the E. coli enzyme [31, 50] and accordingly,
no significant change is observed in the ATP synthesis rate. However, if valinomycin is combined with
proton gradient dissipating molecules such as Nigercin, FCCP or SF6847 or NH,CI, also the proton
gradient is dissipated and no ATP synthesis is observed (Figure 3c and 4d). An enhanced sensitivity
towards uncouplers in the presence of valinomycin was also described for mitochondria and

chloroplasts [55].

The same argumentation can also be used to explain the behavior of the N139D variant of the aa;
cytochrome c¢ oxidase, which is disabled in proton pumping yet showing a similar ATP synthesis
activity to that of the wild-type oxidase. In cytochrome c oxidase, electrons are donated from
cytochrome ¢ from the positive side of the membrane, while protons used for reduction of oxygen
are taken from the negative side of the membrane. Furthermore, the electron transfer from PMS to
cytochrome c is accompanied by a release of protons to the inside of the liposomes. In other words,
even in the absence of proton pumping, an electrochemical gradient (ApH and Ay) is generated by
the oxidase, although with an efficiency of 50 % compared to that obtained with the wild-type
oxidase (separation of one charge instead of two, across the membrane for each electron transferred
to oxygen). With the N139D structural variant, the same transmembrane electrochemical potential
would be maintained as with the wild-type oxidase, but at a twice higher turnover rate. The D139N
variant has indeed an already higher turnover activity than the wild type oxidase in detergent
solution and the difference between the two is expected to further increase in membranes because

of the reasons discussed above, i. e. a lower membrane potential allows a larger proton gradient.

Concluding remarks

The described experimental system allows the control of many experimental parameters and the

requirement of small amounts of protein (~¥40 pug bo; oxidase per reconstitution or ~1 ug per
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measurement were used) what makes it an attractive tool for the investigation of energetically
coupled processes in the membrane. The novel experimental system was used to investigate the
phenomenon of "mild uncoupling”, which has been suggested to prevent ROS formation under low
phosphorylation activity in mitochondria, and has therefore attracted some interest [8, 12-14]. While
some uncoupling processes are clearly protein mediated (e.g. UCP 1), others, such as those using low
concentrations of uncoupling compounds are not well understood. Our simple experimental setup
with only two proteins (i.e. excluding protein mediated uncoupling pathways via UCPs and/or the
ADP/ATP translocase) mimics the behavior found in mitochondria very well and allowed us to

exclude direct uncoupler-protein interactions as a possible explanation for mild uncoupling.
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Von Ballmoos et al:

Highlights:

The functional co-reconstitution of terminal oxidases and ATP synthase is described
e The experimental setup is used with enzymes from different organisms

e Steady state ATP synthesis at high rates are observed

e Mild uncoupling is not a protein dependent process
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